Abstract -Novel 8/10 bearingless switched reluctance motor, which can control rotor radial positions with magnetic force, is proposed. The motor has combined characteristics of switched reluctance motor and magnetic bearing. This paper proposes a air-gap control system method of suspending force control in a bearingless switched reluctance motor (BLSRM). The proposed radial force control scheme is independent to the torque winding current. A PI direct current control (DCC) controller and look-up table are used to maintain a constant rotor air-gap. From the analysis and the experimental results, it is shown that the proposed strategy is effective in realizing a naturally decoupled radial force control of BLSRM.
INTRODUCTION
Modern industrial field such as high speed machine tool, molecular pump, centrifugal pump, compressor and aerospace need high or ultra-high speed machine [1] .
Many problems will happen, when traditional mechanical bearing is taken to bear the shaft of high speed or ultra-high speed machine. For example, the mechanical bearing can cause increasing of frictional drag, thermal problem and will be heavy wear in high-speed motor, which not only leads to reduce efficiency of machine and decreases service life of bearings, but also increases burden of maintenance for machine. In addition, lubrication oil cannot be used in high vacuum, ultra high and low temperature atmospheres [2] [3] .
In order to solve the above problems caused by conventional mechanical bearing, non-mechanical bearing techniques, such as air bearing, liquid bearing and magnetic bearing are paid more attention. They are good candidates for high speed machines. The switched reluctance motor (SRM) is a double salient and single excited motor, in which simple concentric windings are on the stator and no windings or permanent magnets are on the rotor. These mechanical structures make SRM have many advantageous characteristics such as fault tolerance, robustness, low cost and possible operation in applications of harsh environments or high temperature or high speed [4] .
In the other report, one method for bearingless SRM with 8/6 type was proposed [6] , in which many numbers of switches and reverse torque are hard to avoid which restrict increasing of rotor speed. At the same time, one hybrid rotor structure, called Morrison rotor, was presented [4] . In this structure, critical speed of rotor is reduced due to increasing in axial length. A bearingless SRM (BLSRM) with hybrid stator poles is proposed [5] .
The benefit of this motor is that, the torque poles and the radial force poles are decoupled each other. In this paper, the speed control and direct current control (DCC) for the proposed bearingless SRM is researched. Fig. 1(a) shows only the A-phase stator winding of a 3-phase system with additional differential windings [9] .
STRUCTURE AND OPERATING PRINCIPLE

Review of Previous Bearingless SRM
The motor winding, Nma consists of four coils connected in series. On the other hand, the suspension windings,    and    consist of two coils. Fig. 1(b) shows the principle of suspension force generation. The figure shows the symmetrical four-pole flux produced by the four-pole motor winding current ima, and the symmetrical two-pole flux produced by the two-pole suspension winding current    . In this situation, the flux density in air-gap section 1 is increased because the direction of the two-pole flux is the same as that of the four-pole flux.
In contrast, the flux density in air-gap section 2 is decreased. Therefore, superposition of the air-gap magnetic flux waves results in a suspension force F acting along the x-axis. And a suspension force can be generated in any desired direction by a vector sum of these forces. there is not much relationship between radial force and eccentric force. So, it is difficult to control the radial force by a formula. of 36 degrees of a cycle, and y-axis is the radial force generated in the motor. The triangle line shows the radial force generated in the x-axis with 3A current, the straight and dot line show the radial force generated in the x-axis with 4A and 5A current respectively. The top three lines are the radial force generated in the main winding; the three lines in the bottom show the in the y-axis. For example, when the x-axis generates a radial force, there is another force effect on the y-axis just like the bottom curve shows in the Fig. 5 , so as to the other axis. The radial force was effected by this seriously. So it is difficult to control the radial force very well with so much concomitant magnetic force. The air gap will be ununiform, afterwards there is a big effect on the torque. Then a big torque ripple will be generated, and the torque performance will be not good. The direct effect is that there will be a great noise. At the same time there will be a lot of attrition and other losses which can destroy the motor. Fig. 5 shows the radial force in the y-direction and the eccentric force in the x-axis, these two forces are all generated by the same pole. During the design, the mathematical model of the radial force has been defined, but that is a very complex mathematics. If this mathematical model was used, a higher efficient CPU is needed, and at the same time the ability of real time feedback is not as good as others, so it is not well for a higher preference control.
Control principle of the radial force
A approximate mathematical model was used for the realtime control. The mathematical model of radial force is as follows:
Where   is the permeability of the air, N is the number of coil turns,   is the motor stacking length, R is the rotor radius,   is one rotor pole arc,  is the air gap length, so the radial force the motor needed can be calculated by the air gap errors. Rotor radial displacements can be regulated with two independent close-loop air-gap displacement controllers, one for xand the other for y-direction, respectively. These two PI controllers generate the desired radial force commands F x * and F y * as shown in following equations in order to keep the rotor position in the center.
In which   and   are the proportional and integral coefficient, respectively. The actual current values of selected radial force windings can be controlled through hysteresis method according to these two current command signals. The above control algorithms are realized using a TI TMS320F2812 DSP. Table 1 shows the specifications of the hybrid BLSRM. 
SIMULATION AND EXPERIMENTAL RESULTS
Control block diagram
Experimental results
Fig . 13 shows the protype motor and the inverter.
There are DSP board and the converter board including in this inverter. It can be seen that the current in the x-axis is much bigger than the y-axis, because of the precision of the motor manufacture. The air gap in the x-axis is a little bigger than the y-axis. So if the same radial force needed, a bigger current is generated in the x-axis. The current also varies with the air-gap, When there is a big air-gap in the x-axis, a current with an appropriate coefficient was generated in the -x axis. So in order to keep the rotor in the center of the motor, the coefficients in the x-and y-axis were different. Fig. 18 shows the experiment result when the speed is and 6000 rpm. Different from the original, the speed is higher and the displacement error is bigger. At the same time the current is higher than before. The torque current is more smooth than before, and the effect of the manufacturing inequalities is more obvious than before.
Fig. 18 Experimental result (6000rpm)
In the conventional control the maximum speed is 2000rpm, compared with the new control method the maximum speed rises to 8000rpm, and the accepted displacement error is 55 m in 6000rpm. Table 2 shows the comparition of the conventional control, current hysteresis control and DCC. 
CONCLUSION
This paper presents radial force control scheme of a 8/10 hybrid stator pole BLSRM. The each pole winding currents is concerned to torque and radial force production, respectively. For the real-time control, a compensation radial force control model is derived.
Selection of radial force pole can be determined and corresponding currents can be calculated with the control model. The simulation results verified the validity of control strategy. Compared with conventional one, the proposed suspension control strategy is much more precise. The maximum speed can be reached 8000 rpm, And we can accept the displacement error at the 6000rpm. In the proposed BLSRM and control scheme, air-gap can be kept at the center position by the simulation and experimental results.
